Abstract: Aiming at improving the performance of the existing for single-phase electric springs (ESs), such as the fastness of the voltage stabilization and the mitigation of the voltage harmonics across the critical loads (CLs), the dead-beat control cooperating with state observer is proposed in this paper. First, the δ control is reviewed, outlining its features of regulation of the CL voltage while keeping the ES operation stable. After describing the operation of an ES in the continuous-time domain by the state-space technique, its discrete-time model is formulated using the zero-order-hold (ZOH) algorithm. Then, the control system for an ES is designed around the dead-beat control cooperating with a state observer and implementing the two typical compensation functions achievable with the δ control, namely the pure reactive power compensation and the power factor correction.
Introduction
Electric springs (ESs) have been proposed five years ago as a new solution to fully exploit the unpredictable power generated from intermittent renewable energy sources (RESs) [1] . Compared to the traditional operating way of the power system, they carry out the paradigm that load demand matches power generation automatically [2, 3] . From the topology point of view, an ES is built up by connecting a circuit which behaves like a voltage source inverter (VSI), in series to the non-critical loads (NCLs) of a user with the purpose of keeping constant the magnitude of the voltage across its critical loads (CLs). Consequently, the control approaches for VSI have been initially introduced to drive the ES systems [4, 5] . Subsequently, the control approaches for power converters [6, 7] and microgrids [8, 9] have been adopted. With the increasing power generation from RESs [10] , the ESs have gained an increasing interest and many papers have appeared, reporting on system modeling [11] , reactive power compensation [2] , power decoupling [12, 13] , voltage and frequency control [14] , power balance control for a three-phase system [15] , and so on.
Among the compensation functions that the control of an ES can implement, the pure reactive power compensation is the key one because it stabilizes the voltage across the CLs without exchanging (absorbing or delivering) active power. The basic control of an ES implementing such compensation was reported together with the ES concept in Reference [1] . After that, the δ control was proposed in Reference [2] ; it imposes the instantaneous phase angle δ by which the CL voltage lags the line voltage to ensure that ES does not exchange any active power at the steady state. Once calculated the angle δ, the control scheme uses a proportional resonant (PR) controller for the outer-loop regulation of the CL voltage and a proportional (P) controller for the inner-loop adjustment of the ES current. This setup of the δ control exhibits some shortcomings. For instance, its application requires the design and tuning of the three parameters of the PR and P controllers. Another shortcoming is that the PR controller is not suitable for nonlinear systems so that the CL voltage may be severely distorted when the line voltage is affected by harmonics. What is more, system modeling in [2] is not enough accurate since the line voltage is regarded as a disturbance which results in unexpected dynamic performance. Considering the benefits of the δ control and side effects of the PR controller, the goal of this paper is to find out a more practical controller that facilitates the application of the δ control and, at the same time, improves the performance of the existing setup.
The dead-beat control uses the discrete-time model of a system to predict the amplitude of the controlled variable one or more sampling times in advance. By forcing this amplitude to track that one of the reference, the error between the controlled variable and the reference is zeroed [16] . The characteristics of the relevant controller are the low complexity and a high-performance system [17] . Therefore, it is utilized as the control tool that allows the achievement of the goal of this paper.
As explained in Reference [2] , an ES is a multi-input and multi-output system where only two control objectives can be achieved at the same time. The main objective is the regulation of the CL voltage that is expected to have a sinusoidal shape with a preset magnitude. The other objective cis to implement a specific compensation function by imposing the phase angle δ. In this paper, the two most significant functions, i.e., the pure reactive power compensation and the power factor correction (PFC), are chosen as objective. The effectiveness of the resulting control system is highlighted by comparing its performance to that obtained with the existing PR and P controllers.
In detail, this paper is organized as follows. In Section 2, the operating principle of a single-phase ES driven by the δ control is introduced. In Section 3, system modeling and design of the dead-beat controller are provided; the design of a state observer to reduce the control period of the dead-beat control is also given. In Section 4, two controllers based on the same δ control, one using the dead-beat control cooperating with state observer and the other one using the PR and P controllers, are investigated by simulation under implementation of both the compensation functions. The simulation results reveal the better performance attained by the proposed controller such as the fast dynamics and the harmonic suppression. Finally, the conclusions are drawn in Section 5.
Operating Principle of Single-Phase ESs

The Topology of Single-Phase ES
The typical topology of a single-phase ES embedded in a power system is shown in Figure 1 . In the figure, the ES is drawn within the dashed line, box, and consists of a current-controlled single-phase VSI that impresses the voltage v ES across capacitor C with help from the inductance L. Moreover, in the figure, Z 2 is the CL with limited operating voltage range and Z 3 is the NCL with wide operating voltage range; the series of the ES and Z 3 constitutes the so-called smart load (SL) and is connected in parallel with Z 2 , where the point of common coupling is designated with point of common coupling (PCC). Other variables in the figure are the voltages across Z 2 and Z 3 , denoted with v S and v NC , the output voltage of the VSI, denoted with v i , the currents through Z 3 and the line, denoted with i 3 and i 1 , respectively, and the output current of the ES, denoted with i L . Variable v G represents the voltage at the injection point of RES, whereas R 1 and L 1 are the line resistance and inductance. Vector subtraction of v G from the voltage drop across the line impedance gives v S .
As explained in Reference [1] , the ES is an electrical circuitry that generates an ac voltage intended to regulate the CL voltage while passing the voltage fluctuations of the RESs to the NCLs. 
δ Control of Single-Phase ES
The scheme of the existing setup of the δ control for a single-phase ES is depicted in Figure 2a . In the figure, a double loop control is arranged with a PR controller in the outer CL voltage loop and a P controller in the inner ES current loop. The purpose of the δ control is to impose the phase lag of vS with respect to vG. The calculation of δ is based on the vector diagram of the circuit in Figure 1 and is executed for the ES to implement a certain compensation function
The details of the control scheme in Figure 2a are as follows. Signal vS_ref is the sinusoidal reference of voltage for vS. Its magnitude is fixed by the user while its phase angle lags that of vG ofδ. The error between vS and vS_ref is fed into the PR controller to generate the reference signal iref for the ES of current. In turn, the error between the actual ES current iL and iref is fed into the P controller to generate, via a limiter, the signal v_comp for the pulse width modulation (PWM) generator. The latter one delivers the four commands for the VSI switches. It is a matter of fact that the calculation of δ, schematized within the dashed line box in Figure 2a , depends on the compensation function to be achieved and, accordingly, determines the voltage reference signal As explained in Reference [2] , θ 0 denotes the phase of the grid; φ1 is the impedance angle of line impedance; a,b and m denotes the coefficients to calculate φ 4 ; Besides, θ and φ3 are the complementary results during the δ calculation. 
The scheme of the existing setup of the δ control for a single-phase ES is depicted in Figure 2a . In the figure, a double loop control is arranged with a PR controller in the outer CL voltage loop and a P controller in the inner ES current loop. The purpose of the δ control is to impose the phase lag of v S with respect to v G . The calculation of δ is based on the vector diagram of the circuit in Figure 1 and is executed for the ES to implement a certain compensation function.
The details of the control scheme in Figure 2a are as follows. Signal v S_ref is the sinusoidal reference of voltage for v S . Its magnitude is fixed by the user while its phase angle lags that of v G of δ. The error between v S and v S_ref is fed into the PR controller to generate the reference signal i ref for the ES of current. In turn, the error between the actual ES current i L and i ref is fed into the P controller to generate, via a limiter, the signal v _comp for the pulse width modulation (PWM) generator. The latter one delivers the four commands for the VSI switches. It is a matter of fact that the calculation of δ, schematized within the dashed line box in Figure 2a , depends on the compensation function to be achieved and, accordingly, determines the voltage reference signal As explained in Reference [2] , θ 0 denotes the phase of the grid; ϕ 1 is the impedance angle of line impedance; a,b and m denotes the coefficients to calculate ϕ 4 ; Besides, θ and ϕ 3 are the complementary results during the δ calculation. 
The details of the control scheme in Figure 2a are as follows. Signal vS_ref is the sinusoidal reference of voltage for vS. Its magnitude is fixed by the user while its phase angle lags that of vG ofδ. The error between vS and vS_ref is fed into the PR controller to generate the reference signal iref for the ES of current. In turn, the error between the actual ES current iL and iref is fed into the P controller to generate, via a limiter, the signal v_comp for the pulse width modulation (PWM) generator. The latter one delivers the four commands for the VSI switches. It is a matter of fact that the calculation of δ, schematized within the dashed line box in Figure 2a , depends on the compensation function to be achieved and, accordingly, determines the voltage reference signal As explained in Reference [2] , θ0 denotes the phase of the grid; φ1 is the impedance angle of line impedance; a,b and m denotes the coefficients to calculate φ4; Besides, θ and φ3 are the complementary results during the δ calculation. Figure 2b shows the vector diagram of the power system in Figure 1 when ES operates in the so-called capacitive mode which occurs when the CL voltage is lower than its rated value. Details on the δ calculation can be found in Reference [2] . The inductive mode can be explained in a similar way. It is worth to remark that the δ control assumes that the length of transmission line is known in order to get acquainted of the line resistance and inductance since their values are necessary to calculate δ; the way to derive the line impedance can be found in Reference [1] .
Issues in the δ Control with PR and P Controllers
A single-phase ES is satisfactorily controlled by the existing setup of the δ control under ideal grid conditions. However, when vG is distorted to some extent, the total harmonic distortion (THD) of the CL voltage can be somewhat high and, sometimes, is out of the specifications. Although the THD value can be enhanced by properly tuning the parameters of the PR and P controllers, there are still limitations in the real application. For instance, it is convenient that the parameter kp of the PR controller does not exceed 3. Referring to the study case reported below, when the parameters kp and kr of the PR controller are selected as 2 and 20, and the gain of the P controller is selected as 0.5, the THD value of the CL voltage is up to 4.48% for a THD value of vG of 22.9%, as pointed out in Figure  2c . This calls for an improvement of the performance of an ES by developing a different solution for the setup of the δ control. Figure 2b shows the vector diagram of the power system in Figure 1 when ES operates in the so-called capacitive mode which occurs when the CL voltage is lower than its rated value. Details on the δ calculation can be found in Reference [2] . The inductive mode can be explained in a similar way. It is worth to remark that the δ control assumes that the length of transmission line is known in order to get acquainted of the line resistance and inductance since their values are necessary to calculate δ; the way to derive the line impedance can be found in Reference [1] .
A single-phase ES is satisfactorily controlled by the existing setup of the δ control under ideal grid conditions. However, when v G is distorted to some extent, the total harmonic distortion (THD) of the CL voltage can be somewhat high and, sometimes, is out of the specifications. Although the THD value can be enhanced by properly tuning the parameters of the PR and P controllers, there are still limitations in the real application. For instance, it is convenient that the parameter k p of the PR controller does not exceed 3. Referring to the study case reported below, when the parameters k p and k r of the PR controller are selected as 2 and 20, and the gain of the P controller is selected as 0.5, the THD value of the CL voltage is up to 4.48% for a THD value of v G of 22.9%, as pointed out in Figure 2c .
This calls for an improvement of the performance of an ES by developing a different solution for the setup of the δ control.
Dead-Beat Control for Single-Phase ESs
System Modeling of Single-Phase ES
As explained in Reference [11] , by neglecting the dynamics of the ES DC bus, the equations of an ES are linear and time-invariant as explicated hereafter to simplify the ES modeling, both CL and NCL are taken of resistive type.
Applying Kirchhoff's Current Law (KCL) to the circuit in Figure 1 yields
Solving Equations (1)- (4) yields
Applying again KVL to the circuit of Figure 1 also yields
Solving Equations (5)- (7) yields
Based on the equations above, the state-space model of the ES can be written as follows:
where,
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Dead-Beat Control for Single-Phase ES
The control system proposed in this paper is still based on the δ control but replaces the PR and P controllers with a dead-beat controller. The scheme of the control system is drawn in Figure 3 ; its effectiveness, as well the comparison of its performance with that of the existing setup, are presented in the next sections.
The control system proposed in this paper is still based on the δ control but replaces the PR and P controllers with a dead-beat controller. The scheme of the control system is drawn in Figure 3 ; its effectiveness, as well the comparison of its performance with that of the existing setup, are presented in the next sections. The operating principle of a dead-beat controller is illustrated in Reference [16] . Since here the dead-beat control is applied for the first time to an ES, the design of the relevant controller is exposed step-by-step.
The first step is to discretize Equation (9). By using the zero-order-hold (ZOH) algorithm, the discrete-time state space model of Equation (9) can be expressed as
where, The system output at of the next control period is
where, G = C*A = [a1 a2 a3] and H = C*B = [b1 b2]. By making y(k + 1) equal to the reference value at the next control period, designated as r(k + 1), it follows that:
Equation (12) holds on condition that the system is entered with a suitable value of the input vi(k). Let this condition be satisfied. Equation (12) outlines that the output of the controlled system equates the reference value at each control period, which means that the tracking error of the control system is zero.
Substituting the respective coefficients into Equation (12) yields
Solving Equation (13) gives the required input The operating principle of a dead-beat controller is illustrated in Reference [16] . Since here the dead-beat control is applied for the first time to an ES, the design of the relevant controller is exposed step-by-step.
where, G = C*A = [a 1 a 2 a 3 ] and H = C*B = [b 1 b 2 ]. By making y(k + 1) equal to the reference value at the next control period, designated as r(k + 1), it follows that:
Equation (12) holds on condition that the system is entered with a suitable value of the input v i (k). Let this condition be satisfied. Equation (12) outlines that the output of the controlled system equates the reference value at each control period, which means that the tracking error of the control system is zero.
Solving Equation (13) gives the required input
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The working equation of the dead-beat controller is given by Equation (14) . v i (k) is calculated, it is made to enter the PWM generator at each control period. Note that r(k + 1) in Equation (14) , which is defined as v S_ref in Figure 3 , is calculated by the δ control.
Dead-Beat Control Cooperating with State Observer for Single-Phase ES
The execution of the dead-beat control could be quite demanding, to avoid the shortcoming of significantly increasing the maximum width of the voltage pulses at the VSI output, it is convenient to, calculate v i (k) s one control period ahead. This implies that v i (k) must be calculated in the (k − 1) control period by resorting to an estimation of the associated variables. A good tool to estimate the variables of a system is a state observer [18] , as shown in Figure 4a ,b. Here, a full order observer is used, expressed as
The working equation of the dead-beat controller is given by Equation (14) . vi(k) is calculated, it is made to enter the PWM generator at each control period. Note that r(k + 1) in Equation (14) , which is defined as vS_ref in Figure 3 , is calculated by the δ control.
The execution of the dead-beat control could be quite demanding, to avoid the shortcoming of significantly increasing the maximum width of the voltage pulses at the VSI output, it is convenient to, calculate vi(k) s one control period ahead. This implies that vi(k) must be calculated in the (k − 1) control period by resorting to an estimation of the associated variables. A good tool to estimate the variables of a system is a state observer [18] , as shown in Figure 4a ,b. Here, a full order observer is used, expressed as 
where, H is the observer gain matrix. The error vector of the state observer is where, H is the observer gain matrix. The error vector of the state observer is
The dynamic properties of the error vector depend on the eigenvalues of the matrix (A − HC). For a stable (A − HC), the error vector tends to zero for any initial error vector e(0). In other words, x(k) will converge to x(k) regardless of the values of x(0) andx(0).
If the control system is completely observable, it can be proven that H can be chosen in order that (A − HC) is asymptotically stable and has the desired dynamics o that the error vector moves toward zero (origin) at a speed fast enough. This outcome is achieved by a suitable placement of the eigenvalues of (A-HC). In practice, the poles of the observer are placed within three to five times far away from the imaginary axis than the poles of the control system.
Simulation and Discussions
To test the arranged control system, simulations are conducted under the environment of Matlab/Simulink for the study case of an ES with the data reported in Table 1 . Both the T compensation functions mentioned above, i.e., the pure reactive power compensation and the PFC, have been implemented in the control system for a thorough evaluation of its performance. The control specifications are (1) the CL voltage sis regulated to 110 V; (2) for the pure reactive power compensation, the phase angle between ES current and ES voltage is 90 • ; for PFC, the voltage v G is in phase with the line current.
Flowchart of Dead-Beat Control for δ Control
In the block of Matlab function, the program flowchart for dead-beat control and δ control is depicted as shown in Figure 5 which can be summarized as follows.
• 
Pure Reactive Power Compensation Mode
In this part, the simulations are divided into two steps, of which the one is under ideal grid conditions and the other one is with grid distortions.
(1) Ideal Grid Conditions: The parameters for simulation are the same as Table 1 and there is no distortion on the line voltage. Figure 6 shows simulation waveforms under ideal grid conditions when dead-beat and δ control are both applied to the single-phase ES. As explained in Reference [6] , three typical values such as 102 V, 115 V, and 123 V are selected to simulate capacitive mode, resistive mode, and inductive mode, respectively. In each subfigure, four channels are recorded as line voltage, CL voltage, ES voltage, and NCL voltage, respectively. Figure 6a is the overview all the full time ranges including three different modes. In Figure 6b when VG is set to 102 V, ES current which is in phase with NCL voltage leads ES voltage by 90°, which can be observed at 0.1832 s, meaning that the ES operates at the capacitive mode; In Figure 6b when VG is set to 115 V, ES voltage is very low and NCL voltage is almost the same as the CL voltage, meaning that the ES operates at the resistive mode; In Figure 6c when VG is set to 123 V, ES current lags ES voltage by 90° at 0.5873 s, meaning that the ES operates at the inductive mode. It can also be observed from Figure 6b -d that CL voltages are well regulated to be sinusoidal and RMS values are almost around 110 V. It is validated from the results above that the two control objectives under the pure reactive power compensation mode and also under ideal grid conditions have been achieved with the proposed dead-beat and δ control.
(2) Grid Voltage Distorted: The parameters for simulation are the same as Table 1 . The only difference is that the grid voltage is set as follows. From 0 to 0.3 s, the nominal value of VG is set to 102 V without any distortion. From 0.3 s to 0.6 s, the 3rd, 5th, and 7th harmonic components are added to the fundamental element, of which the amplitudes are 20 V, 10 V, 5 V, respectively.
As a result, the THD value of vG is up to 22.46%, which is the same as that in Figure 2c . Figure 7a shows the simulation waveforms before and after grid distortion. Before 0.2 s, the ES operates at the capacitive mode and both ES voltage and CL voltage are sinusoidal. However, after 0.3 s, it is seen that the distortion on the line voltage has been passed to NCL voltage by the ES. It can also be seen that CL voltages are regulated well during the full time range. Figure 7b shows that the THD value of CL voltage is controlled to 1.54%, which is far smaller than that with the PR and P controllers. It should be noticed that when the grid voltage is distorted, the rms value of its fundamental 
(1) Ideal Grid Conditions: The parameters for simulation are the same as Table 1 and there is no distortion on the line voltage. Figure 6 shows simulation waveforms under ideal grid conditions when dead-beat and δ control are both applied to the single-phase ES. As explained in Reference [6] , three typical values such as 102 V, 115 V, and 123 V are selected to simulate capacitive mode, resistive mode, and inductive mode, respectively. In each subfigure, four channels are recorded as line voltage, CL voltage, ES voltage, and NCL voltage, respectively. Figure 6a is the overview all the full time ranges including three different modes. In Figure 6b when V G is set to 102 V, ES current which is in phase with NCL voltage leads ES voltage by 90 • , which can be observed at 0.1832 s, meaning that the ES operates at the capacitive mode; In Figure 6b when V G is set to 115 V, ES voltage is very low and NCL voltage is almost the same as the CL voltage, meaning that the ES operates at the resistive mode; In Figure 6c when V G is set to 123 V, ES current lags ES voltage by 90 • at 0.5873 s, meaning that the ES operates at the inductive mode. It can also be observed from Figure 6b -d that CL voltages are well regulated to be sinusoidal and RMS values are almost around 110 V. It is validated from the results above that the two control objectives under the pure reactive power compensation mode and also under ideal grid conditions have been achieved with the proposed dead-beat and δ control.
(2) Grid Voltage Distorted: The parameters for simulation are the same as Table 1 . The only difference is that the grid voltage is set as follows. From 0 to 0.3 s, the nominal value of V G is set to 102 V without any distortion. From 0.3 s to 0.6 s, the 3rd, 5th, and 7th harmonic components are added to the fundamental element, of which the amplitudes are 20 V, 10 V, 5 V, respectively.
As a result, the THD value of v G is up to 22.46%, which is the same as that in Figure 2c . Figure 7a shows the simulation waveforms before and after grid distortion. Before 0.2 s, the ES operates at the capacitive mode and both ES voltage and CL voltage are sinusoidal. However, after 0.3 s, it is seen that the distortion on the line voltage has been passed to NCL voltage by the ES. It can also be seen that CL voltages are regulated well during the full time range. Figure 7b shows that the THD value of CL voltage is controlled to 1.54%, which is far smaller than that with the PR and P controllers. It should be noticed that when the grid voltage is distorted, the rms value of its fundamental component is used for δ calculation. If the δ is not accurate, the rms value of the PCC voltage will not be affected, only the ES will deviate a little bit from the pure reactive power compensation mode. 
PFC Mode
The purpose of this part is to double check the performance of the proposed dead-beat control cooperating with observer and δ control. Parameters are the same as Table 1 and the flowchart is also the same as Figure 5 . The difference between the PFC mode and pure reactive power compensation mode is the codes for δ calculation, which is explained in Reference [2] in detail. The simulation is divided into two time intervals. In the first time interval which is from 0 to 0.2 s, V G is set to 108 V. In the second time interval from 0. 
The purpose of this part is to double check the performance of the proposed dead-beat control cooperating with observer and δ control. Parameters are the same as Table 1 and the flowchart is also the same as Figure 5 . The difference between the PFC mode and pure reactive power compensation mode is the codes for δ calculation, which is explained in Reference [2] in detail. The simulation is divided into two time intervals. In the first time interval which is from 0 to 0.2 s, VG is set to 108 V. In the second time interval from 0.2 s to 0.4 s, VG is set to 112 V. The simulation results are shown in Figure 8 , where four channels are recorded. Line voltage and line current are recorded together in the first channel to show the effectiveness of PFC. In Figure 8 , it is obviously seen that zero crossing points in the first channel are the same and also in the same direction, which means that line current is controlled in phase with that of line voltage, even if VG changes. CL voltage in the second channel is controlled at 110 V. ES voltage and NCL voltage are recorded in the third and fourth channels, respectively. It is noticed that the phase angle between ES voltage and ES current are not strictly 90°. For instance, at 0.105 s when VG is 108 V, ES current which is in phase with NCL voltage, leads ES voltage for more than 90°, meaning that ES provides some active power. At 0.365 s when VG is 112 V, ES current leads ES voltage by less than 90°, meaning that ES absorb some active power. The reason is that only two control objectives can be achieved at the same time, of which one is the CL voltage and another one is the PFC function.
The effectiveness of the proposed dead-beat and δ control has been validated by the simulations results above.
Sensitivity Analysis of Circuit Parameters
In order to verify the influences of the circuit parameters on the controller, sensitivity analysis is carried out based on Matlab/Simulink, as shown in Figure 9 , where only one parameter is scanned in each subfigure. In Figure 8 , it is obviously seen that zero crossing points in the first channel are the same and also in the same direction, which means that line current is controlled in phase with that of line voltage, even if V G changes. CL voltage in the second channel is controlled at 110 V. ES voltage and NCL voltage are recorded in the third and fourth channels, respectively. It is noticed that the phase angle between ES voltage and ES current are not strictly 90 • . For instance, at 0.105 s when V G is 108 V, ES current which is in phase with NCL voltage, leads ES voltage for more than 90 • , meaning that ES provides some active power. At 0.365 s when V G is 112 V, ES current leads ES voltage by less than 90 • , meaning that ES absorb some active power. The reason is that only two control objectives can be achieved at the same time, of which one is the CL voltage and another one is the PFC function.
In order to verify the influences of the circuit parameters on the controller, sensitivity analysis is carried out based on Matlab/Simulink, as shown in Figure 9 , where only one parameter is scanned in each subfigure. 
Discussions
It should be noticed that CL voltage is not the only control objective of the ES. It is easy to regulate the RMS value of CL voltage to follow the predefined value. However, the key point is the compensation mode of the ES which should be monitored. Another finding is that the proposed dead-beat controller with the help of an observer has the obvious advantage of eliminating harmonic components in CL voltage if compared to PR and P controllers. To increase the control precision and to make the δ control more practical, it is necessary to use the proposed control to replace the existing PR and P controls.
Conclusions
In this paper, dead-beat control cooperating with state observer for the state variables is proposed to work with existing δ control for the single-phase ESs. System modeling is executed and the discrete-time state space model is obtained. The operating principle and also the design process of the dead-beat control together with the observer is illustrated. Pure reactive power compensation and power factor correction, which present two typical operating modes of the ESs, are selected as examples to validate the proposed control and related analysis. By comparing the proposed control with existing controllers based on the same δ control algorithm, it is revealed that the proposed control has the obvious advantages of eliminating harmonic components in CL voltage during grid voltage distortion.
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